Using a data sample of 980 fb −1 of e + e − annihilation data taken with the Belle detector operating at the KEKB asymmetric-energy e + e − collider, we report the results of a study of excited Ξc states that decay, via the emission of photons and/or charged pions, into Ξ 0 c or Ξ + c ground state charmedstrange baryons. We present new measurements of the masses of all members of the Ξ
Using a data sample of 980 fb −1 of e + e − annihilation data taken with the Belle detector operating at the KEKB asymmetric-energy e + e − collider, we report the results of a study of excited Ξc states that decay, via the emission of photons and/or charged pions, into Ξ , have a wave-function that is antisymmetric under interchange of the lighter quark flavors or spins. The two ground states are the only members of the group that decay weakly, and their masses, lifetimes, and many of their decay modes have been measured [2] . The Ξ c states also exist in many angular momentum configurations of the constituent quarks, each as an isospin pair. These excited states have been found to decay either electromagnetically or strongly in three different general types of decay: to the Ξ c ground states together with mesons and/or photons, to final states that include a Λ + c and a kaon [3] [4] [5] , and to ΛD final states [6] . This paper concentrates on the measurements of the masses and widths of the five isospin pairs of excited Ξ c baryons that include a ground-state Ξ c in their decay chain. All five pairs under investigation have previously been discovered, but in general their masses and intrinsic widths have not been measured precisely.
In the Heavy Quark Symmetry (HQS) [7] picture, the Ξ c baryons are the combination of a heavy (charm) quark and a light (us or ds) di-quark. In the standard quark model, the first excited pair have, like the ground-states, J P = 1/2 + , but in this case the quarks in the light di-quark are symmetric under interchange in a similar manner to the Σ and Σ c baryons. These are known as Ξ ′ c baryons. This isospin pair is the only one that, because of the small mass differences involved, decays electromagnetically. The Ξ ′ c pair was first discovered by CLEO in 1999 [8] , but there have been no high statistics measurements of its mass. When the same "symmetric" di-quark combines with the charm quark in a J P = 3/2 + configuration, the particles are denoted as Ξ c (2645), and sometimes known as Ξ * c . These were first discovered by CLEO in 1995 [9] and 1996 [10] , and subsequently confirmed by a series of other experiments.
In the HQS model of baryons, the first orbitally excited states have a unit of angular momentum between the heavy quark and the light di-quark, with a spin-zero configuration of the light di-quark. This yields a total spin associated with the light degrees of freedom of one unit. This one unit then combines with the heavy quark spin to make J P = 1/2 − and J P = 3/2 − isodoublets. These two isodoublets were discovered by CLEO [11, 12] ; the lower mass (Ξ c (2790), with J P = 1/2 − ) states were found in the mode Ξ ′ c π and the higher mass (Ξ c (2815), with J P = 3/2 − ) states in Ξ c (2645)π combinations. Until now, no measurements of their intrinsic widths have been reported. The quark configurations of all these states have been identified purely by their masses and decay products, but they fit the expected patterns so well that their identification is not considered controversial. A fifth isodoublet of excited states, the Ξ c (2980), was discovered by Belle [3] and confirmed by BaBar [4] in the decay mode Λ + c K − π + , and subsequently seen, also by Belle, in the mode Ξ c (2645)π [13] . Its J P value is not determined, nor can it be assigned trivially in the standard quark model. Higher mass Ξ c excited states of unknown quark configuration have been found [3] [4] [5] .
The aim of this analysis is to measure, with greater precision than before, the masses of the five isodoublets of excited Ξ c baryons that decay with Ξ c ground states in their decay products, to measure the intrinsic widths of the four of these five isodoublets that decay strongly, and to look for new transitions that can help the identification of these states. Knowing the masses of these particles more accurately is of both practical and theoretical interest, and measuring their widths can then lead to measurements of the matrix elements of their decays; by HQS, these matrix elements are also applicable to other excited charm and bottom baryons [7, 14] .
This analysis uses a data sample of e + e − annihilations recorded by the Belle detector [15] operating at the KEKB asymmetric-energy e + e − collider [16] . It corresponds to an integrated luminosity of 980 fb −1 . The majority of these data were taken with the accelerator energy tuned for production of the Υ(4S) resonance, as this is optimum for investigation of B decays. However, the Ξ c particles in this analysis are produced in continuum charm production and are of higher momentum than those that are decay products of B mesons, so the dataset used in this analysis also includes the Belle data taken at beam energies corresponding to the other Υ resonances and the continuum nearby.
THE BELLE DETECTOR AND GROUND-STATE Ξc RECONSTRUCTION
The Belle detector is a large solid-angle spectrometer comprising six sub-detectors: the Silicon Vertex Detector (SVD), the 50-layer Central Drift Chamber (CDC), the Aerogel Cherenkov Counter (ACC), the Time-of-Flight scintillation counter (TOF), the electromagnetic calorimeter, and the K L and muon detector. A superconducting solenoid produces a 1.5 T magnetic field throughout the first five of these sub-detectors. The detector is described in detail elsewhere [15] . Two inner detector configurations were used. The first comprised a 2.0 cm radius beampipe and a 3-layer silicon vertex detector, and the second a 1.5 cm radius beampipe and a 4-layer silicon detector and a small-cell inner drift chamber.
In order to study Ξ c baryons, we first reconstruct a large sample of ground-state Ξ 0 c and Ξ + c baryons with good signal-to-noise ratio. To obtain large statistics, we use many decay modes of the ground-states, each with specific requirements on their decay products designed to suppress combinatorial backgrounds. The decay modes used are listed in Table I .
Final-state charged particles, π ± , K − , and p, are selected using the likelihood information from the tracking (SVD, CDC) and charged-hadron identification (CDC, ACC, TOF) systems into a combined likelihood,
where h 1 and h 2 are p, K, and π as appropriate. In general, we require proton candidates to have L(p : K) > 0.6 and L(p : π) > 0.6, kaon candidates to have L(K : p) > 0.6 and L(K : π) > 0.6, and pions to have the less restrictive requirements of L(π : K) > 0.2 and L(π : p) > 0.2. For one mode, Ξ 0 c → pK − K − π + , the proton level is increased to 0.97 to ensure no contamination from charmed mesons. The π 0 candidates are reconstructed from two detected neutral clusters in the ECL each consistent with being due to a photon and each with an energy greater than 50 MeV in the laboratory frame. The invariant mass of the photon pair is required to be within 3 standard deviations (σ) of the nominal π 0 mass. The same sample of photons is used for the Σ 0 → Λγ reconstruction. The Λ (K 0 S ) candidates are made from pπ (ππ) pairs with a production vertex significantly separated from the interaction point (IP). For the case of the proton from the Λ, the particle identification is loosened to L(p : K) > 0.2 and L(p : π) > 0.2. The Λ candidates used to directly reconstruct Ξ c candidates are required to have an origin consistent with the IP, but those that are daughters of Ξ − , Ξ 0 or Ω − candidates are not subject to this requirement. The Ξ − and Ω − candidates are made from the Λ candidates detailed above, together with a π − or K − candidate. The vertex formed from the Λ and π/K is required to be between the IP and the Λ decay vertex.
The Ξ 0 and Σ + reconstruction is complicated by the fact that the parent hyperon decays with a π 0 (which has negligible vertex position information) as one of its daughters. In the case of the Σ + → pπ 0 reconstruction, combinations of π 0 candidates and protons are made using those protons with a significantly large (> 1 mm) impact parameter with respect to the IP. Then, assuming the IP to be the origin, a Σ + trajectory is assumed, and the intersection of this trajectory with the reconstructed proton trajectory found. This position is taken as the decay location of the Σ + hyperon, and the π 0 is then re-fit using this as its point of origin. Only those combinations with the decay location of the Σ + indicating a positive Σ + path length are retained. The Ξ 0 is reconstructed along similar lines but, in this case, it is not necessary to require a large impact parameter with respect to the IP.
Mass requirements are placed on all the hyperons reconstructed, based on the canonical masses of these particles. [2] ), divided by the resolution. For these plots, we require the scaled momentum of x p > 0.6, where x p = p * c/ (s/4 − c 2 m 2 ), and p * is the momentum in the center of mass and s is the total center-ofmass energy squared. This cut is not part of the analysis chain as we prefer to place an x p cut on the excited states; however, it serves to display the signal-to-noise ratio of our reconstructed ground-state baryons. We also show in Table I the signal and background yields in each decay mode, integrated in a ±2σ interval around the nominal mass.
Once the daughter particles of a Ξ c candidate are selected, the Ξ c candidate itself is made by kinematically fitting the daughters to a common decay vertex. The IP is not included in this vertex, as the small decay length associated with the Ξ c decays, though very short compared with the Ξ − , Ξ 0 , Ω − and Σ + decay lengths, is not completely negligible. The χ 2 of this vertex is required to be consistent with all the daughters being produced by a common parent.
The above reconstruction of Ξ c baryons is optimized to have generally good efficiency and good signal-to-noise ratio for high momentum candidates. The identical sample is used for all the different analyses described below.
THE Ξc(2645) AND Ξc(2815) ISODOUBLETS
The decay chain Ξ c (2815) → Ξ c (2645)π, Ξ c (2645) → Ξ c π allows us to obtain samples of both the Ξ c (2815) and Ξ c (2645) states with excellent signal-to-noise ratio. The mass-constrained Ξ c samples obtained as described above are combined with two appropriately charged pions not contributing to the reconstructed Ξ c ; a vertex constraint of the three particles is made with the IP included to optimize the mass resolution. For each isospin state, all decay modes of the Ξ c are considered together. We then place a requirement of x p > 0.7 on the Ξ c (2815) candidate. This requirement is typical for studies of orbitally excited charmed baryons which are known to have hard fragmentation functions. The scatter plots of Ξ c ππ mass versus Ξ c π mass show the significant Ξ c (2815) → Ξ c (2645)π signals in both isospin states (Fig. 3) .
To study the Ξ c (2815) we place a requirement that the Ξ (Fig. 4) . In each case, a prominent peak is found in the expected region, with a low level of background. 
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These two distributions are fit to signal functions comprising Breit-Wigner functions convolved with doubleGaussian resolution functions and first-order polynomial backgrounds. For this and all other distributions in this analysis, the resolution function is obtained from Monte Carlo (MC) events, generated using EvtGen [17] with the Belle detector response simulated using the GEANT3 [18] framework. The widths of the resolution functions are expressed as weighted averages of the components of the double Gaussian, and are shown in Table II The Belle momentum scale has been studied using the masses of well-measured parent particles as reference points. Close inspection shows small biases in the momentum measurement of low momentum tracks which can lead to a small mis-measurement of mass peaks found using charged pion transitions and systematic shifts in the measured mass of the excited states under investigation here.
High-statistic studies of the
+ decay as a function of the momentum of the transition pion [19] show deviations from the expected mass difference that are attributed to limitations in the accuracy with which the track-fitting programs take into account the detector material. These limitations are reproduced in the Monte Carlo modeling. In the analyses described here, these small biases are thus taken into account by assigning a correction of a fraction of an MeV/c 2 to the measured masses of all the strongly decaying resonances under consideration, using the Monte Carlo programs to evaluate these corrections. These corrections have already been applied in the masses for the Ξ c (2815) states quoted above, and are listed in Table II . The systematic uncertainties assigned to these corrections are discussed further below and final results including systematic uncertainties shown in Table IV .
Relaxing the mass cut around the Ξ c (2645) peaks and instead selecting events in the Ξ c ππ spectrum within 6 MeV/c 2 of the Ξ c (2815) signal, we can study the Ξ 0 c π + and Ξ + c π − mass spectra (Fig. 5 ). Using this method of selection, rather than looking at these combinations inclusively, produces Ξ c (2645) signals of much higher signal-tonoise ratio than is possible in inclusive studies [5] , and reduces the dependence on the shape of the background, which is especially important as any background may include "satellite" peaks from partially reconstructed resonances. The two distributions are fit, as in the case of the Ξ c (2815), to obtain masses of (2645.44 ± 0.06) MeV/c 2 for the Ξ [3] , and then found to also decay to Λ
. The analysis of this state is identical to that of the Ξ c (2815) above except that we focus on the mass range 2.84-3.10 GeV/c 2 and present the mass distributions (Fig. 6 ) in bins appropriate for the width of the signal. We choose not to try to fit the mass range extending from below the Ξ c (2815) to the Ξ c (2980) with one fit, as the background shape may include undulations due to combinations of partially reconstructed excited Ξ c states with other pions.
As in the previous case, the signal shape is a Breit-Wigner convolved with a double-Gaussian resolution function. This gives signal yields as shown in Table I The photons, detected in the electromagnetic calorimeter, are required to have an energy greater than 100 MeV in the laboratory frame, and to have a transverse shape consistent with that expected for a single photon. Each photon is combined with the Ξ c candidates, as detailed above, and the Ξ c γ mass distribution is plotted for combinations with a value of x p > 0.65. This lower choice of the x p requirement is because the Ξ ′ c is not orbitally excited and is often a decay product of higher-mass states. The shape of the background is complicated by the fact that the low energy threshold allows many fake photons, not necessarily emanating from the collision, to be included. There are clearly many π 0 transitions from excited Ξ c states that produce photons correlated with the ground-state Ξ c baryons. It is not possible to improve the signal and background separation by vetoing photons that can be combined with another photon to make a π 0 , as the number of fake photons is too high.
The Ξ c γ mass distributions (Fig. 7) are fit to the sum of a polynomial background function and two "Crystal Ball" [20] functions to parameterize the signal. The Crystal Ball function is a Gaussian with an exponential tail on the low mass end. In this case we add two Crystal Ball functions in a fixed ratio with differing Gaussian resolution components but all other parameters, derived using Monte Carlo modeling, at fixed values. The asymmetry of the functional form naturally leads to a mass shift, whereby the most likely mass is not the same as the peak mass found from the fit. This effect is modeled in Monte Carlo, and results in a 0. There is an xp > 0.6 requirement applied for presentation purposes, but this is not part of the analysis chain. Each distribution is fit to the sum of a polynomial background function, and two signal shapes. The signal shapes are each Breit-Wigners convolved with a double-Gaussian resolution function (as shown in Table II) . This is the first observation of significantly non-zero widths for these particles, although the original CLEO paper [11] indicated that it was likely that they had intrinsic widths of this order. The estimation of the systematic uncertainties on the masses follows the method used for the other states under investigation, and is described below. In this case, there is a systematic uncertainty due to the uncertainty in the M(Ξ The central values of the corresponding mass peaks have an uncertainty as we are using the mass measurement via a decay chain into the neutral ground state to study the decay into the charged ground state, and vice versa.
It is not possible, from this study, to extract the branching ratio B(Ξ c (2815) → Ξ ′ c π)/B(Ξ c (2815) → Ξ c (2645)π) as we do not know the relative production cross sections of the ground-state Ξ c baryons, or their absolute branching fraction in any one mode. However, we can perform a "back-of-the-envelope" calculation on the assumption that the efficiency times the branching fractions for the reconstructed modes of the two ground states indicated are equal to the ratio of those reconstructed, which is equivalent to assuming that the ground-state Ξ Figure 9 shows the same distributions as Fig. 8 , plotted in a different mass region. We fit each distribution to the sum of a linear background function and signal functions using masses and intrinsic widths from our measurements above, and convolved with double-Gaussian resolution functions. The fitted yields are 845 ± 77 and 276 ± 59, for the charged and neutral parent states, respectively.
Once again, we cannot accurately measure the relative branching fractions, but can estimate that B(Ξ
The apparently large branching fraction of the Ξ c (2980) into Ξ ′ c may prove useful in identifying the nature of the state. It does appear to be consistent with the decays of the Λ c (2765) [21, 22] , which is of similar excitation energy above its ground state. One possible interpretation is that they are radial excitations of the ground-state charmed baryons [23] .
SYSTEMATIC UNCERTAINTIES
In general, the resolution of the masses of resonances decaying via transition pions is dominated by the resolution of the momentum measurements of those pions rather than that of the ground states. However, Monte Carlo simulation predicts that decays to the different decay modes of the ground-state Ξ c and Ξ + c can have resolutions varying by ≈ ±10% of the average value. Therefore, in finding the resolution functions to be used, care is taken to generate the various decay modes in the correct proportions to correctly reproduce the fractions found in the data. The events were also generated using the same range of beam energies as the real data, and with a fragmentation function (i.e. x p distribution) that matches the data, as the resolution does vary slowly with momentum (with a change of ≈ 10% for the full momentum range under consideration).
A variety of checks are performed to ensure that the Monte Carlo generation technique was a good representation of the reconstructed data. For the final result on the masses of the particles, we separate the systematic uncertainty of the measurement of the mass differences, which is in effect what we are measuring, from that of the masses of the ground states tabulated by the Particle Data Group [2] . The overall momentum scale of the Belle detector is well studied from checks with K 0 S and other particle masses accurately known from other experiments. However, detailed studies of the D * + → D 0 π + decay indicates that there are deviations particularly associated with the reconstruction and fitting of low-momentum charged tracks. As has been described above, this does lead to small systematic offsets in the found masses, and so the results are corrected for these effects. The uncertainty in these corrections is conservatively set at 50% of the offset, and these are listed as the uncertainty due to the mass scale in Table III. The resolution in the Monte Carlo simulation matches the measured resolution within 8% for all the ground-state Ξ c decay modes presented here. Further tests, specifically on the measurement of mass differences, were performed using the D * + → D 0 π + and the Λ c (2625
The latter uses an analysis chain very similar to the ones under consideration in this analysis, and, by matching the signal in the data with that in Monte Carlo simulated data with zero intrinsic width, we can conclude that the calculated width of the resolution cannot be more than 5% too broad for this topology. After assessment of the results of all of the above and other checks on the resolution, we assign a 10% uncertainty to the width of the resolution function, and assign the systematic uncertainties on the intrinsic widths accordingly.
All signal shapes used to analyze the strong decay transitions are Breit-Wigner functions convolved with doubleGaussian resolution functions. Technically, this is performed using two "Voigtian" functions in the RooFit fitting package [24] . Likelihood fits were performed using a large number of small bins -but are presented with bin sizes appropriate for each individual plot -so that there are negligible uncertainties associated with binning. Fits are also performed using relativistic Breit-Wigner functions that include spin-dependent and mass-dependent widths. As the widths of the particles are small compared with the Q 2 associated with the decays, the extracted masses and widths do not depend greatly on the choice of signal functions. However, the small differences were considered as the systematic uncertainties associated with the signal shape. We do not use the relativistic Breit-Wigner functions for the default fits, as the spin-parity of the states have not been determined and, in addition, there are complications in the phase-space description of the decays when the decay product is itself of non-neglible intrinsic width.
The combinatorial backgrounds are parameterized by low-order Chebyshev polynomials. The small variations found by varying the order of this polynomial by one are taken as the systematic uncertainty due to the choice of background function. There is a specific issue with the background parameterization for the Ξ c (2980) mass distribution of Fig. 6 . Here, there is some evidence for peaking at around M = 2.92 GeV/c 2 , particularly in the neutral state. This evidence is not sufficient to claim the existence of a new particle, and may be an unidentified "satellite" peak formed from partially reconstructed resonances. Allowing an additional signal function to appear near this value changes the extracted width and mass values, lowering the extracted width measurement. This is particularly the case in the charged state, even though the evidence of a non-polynomial background shape is less convincing. These possible changes in values were considered part of the systematic uncertainty due to the background parameterization.
One of many checks on the photon energy scale, and the corrections made because of the asymmetric line-shape, was the reconstruction of D * 0 → D 0 γ using a very similar analysis. The measured mass difference was found to be 0.15 ± 0.10 MeV higher than the Particle Data Group value [2] , which is dominated by measurements using the low c mass differences with respect to the ground state is greater than this small discrepency.
In Table III , we summarize the systematic uncertainties for the mass and width measurements of the five isodoublets under study. With the exception of the particular case of the background shape for the Ξ c (2980) discussed above, if the method used to evaluate these uncertainties yields slightly different values for the two charged states, the greater of the two is used. Table IV shows the results of the measurements of the masses and widths of the five isodoublets. In all cases, the first uncertainty is statistical, and the second is the systematic uncertainty associated with the individual measurement. All the masses have a final, asymmetric uncertainty, taken from the Particle Data Group [2] , for the mass of the ground states, and the Ξ c (2790) have an extra uncertainty due to the uncertainty in the M (Ξ ′ c ) − M (Ξ c ) measurement. The results are presented in this manner so that the final masses may be adjusted should new measurements on the ground states become available.
RESULTS
The systematic uncertainties associated with the mass scales cancel in the measurement of isospin splittings. However, in each case, there is an uncertainty that arises from the measurement of splitting of the ground states,
2 . This is reported separately from the statistical and systematic uncertainties associated with this measurement so that the total uncertainties may be reduced when new measurements 2 ) and width measurements (in MeV). "Mass scale" refers to the uncertainty in making a mass measurement in the particular kinematic region under investigation. "Resolution" refers to uncertainty in the Monte Carlo correctly modeling the mass resolution, "Signal shape" refers to which version of a BreitWigner shape is used, and "Background Shape" refers to the uncertainty due to the use of different acceptable formulisms of the combinatorial background. The total systematic uncertainty is the quadratic sum of the individual contributions. of the masses of the ground states become available.
COMPARISONS WITH THEORETICAL MODELS
Of the five excited Ξ c isodoublets investigated here, there are clear spin-parity assignments for four of them. The exception is the copiously produced Ξ c (2980). The evidence presented here that the Ξ c (2980) states decay significantly to Ξ ′ c π + may be used to clarify the situation. We note that the Ξ c (2980) may be the strange analog of the Λ c (2765), which also has a high cross section, and appears to decay to Σ c (2455) and Σ c (2520) [21, 22] . A possible interpretation of these states is that they represent radial excitations of the ground-state charmed baryons [23] .
Many models relate the intrinsic widths of the particles in the charmed baryon spectrum. The strange charmed sector and the non-strange charmed sector (i. c system has been the subject of some theoretical interest, and several authors [28] predict small negative isospin splittings, in agreement with our measurements.
SUMMARY AND CONCLUSIONS
Using the entire 980 fb −1 of data recorded by the Belle detector at the KEKB e + e − collider operating in the Υ energy range, we present new measurements of the masses of all members of five isodoublets of excited Ξ c states, and intrinsic widths of those that decay strongly. Of the eighteen measurements, five are of intrinsic widths of particles for which only limits existed previously. Of the remaining thirteen measurements, ten are within one standard deviation of the Particle Data Group [2] best-fit values. The three measurements that are in modest disagreement with previous results are in the Ξ c (2980) sector, where the previous measurements were dominated by decays into different final states and for which some measurements may have been prone to the existence of more than one resonance in the region, or biases from threshold effects. Although some of the previous measurements were made by Belle, they are all essentially independent of those presented here. For instance, although the measurement of Γ(Ξ + c (2645)) was made with the same dataset, it was made using only three decay modes of the Ξ 0 c but without the Ξ c (2815) tag, and the limiting systematic uncertainties are from completely different sources, thus making the measurements effectively complementary.
The intrinsic width measurements of the Ξ c (2790) and Ξ c (2815) states present a consistent picture with the instrinsic widths that can be related to measurements in the Λ c /Σ c system and used to predict measurements in the b-hadron sector. The mass measurements constitute a considerable improvement in precision on previous measurements, and allow further investigation of hadron mass models including isospin splittings.
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